Abstract Magnetoelectric heating was used to heat ions in an ECR plasma with a magnetic mirror field. The temperature and density of ions were measured by an ion sensitive probe (ISP) before and after magnetoelectric heating in order to investigate the influence of the anode ring's radius, axial position and working pressure on magnetoelectric heating. Results showed that a suitable radius of the anode ring could improve the ion temperature effectively and the optimal size of the anode ring depended on the cyclotron radius of ions. The radial uniformity of the ion density was improved by increasing the radius of the anode ring after heating. The magnetic mirror field could reduce the loss of ions caused by collision with the wall of the chamber and it was beneficial to increase the ion temperature and the ion density. It was suitable to heat the ions when the anode ring was set at the center of the magnetic mirror field where there was a weaker magnetic field strength. Lower pressure contributed to the increase in the ion temperature and efficiency of magnetoelectric heating.
Introduction
Compared with other polishing methods of ion beams, microwave electron cyclotron resonance (ECR) plasma which uses the cyclotron motion of ions in a strong magnetic field has many advantages in the polishing of chemical vapor deposition (CVD) diamond films, such as a larger polishing area and more uniform processing. However, the temperature of ions in an ECR plasma is low, and ions have a weak cyclotron characteristic when they are extracted by an accelerating electrode, which makes it difficult to etch diamond films. Therefore, it is necessary to improve the temperature of the ions, and magnetoelectric heating may be used to solve this problem.
Magnetoelectric heating applies vertical, electric and magnetic fields to heat ions. Usually, the magnetic field provides gross containment, while the electric fields are used to heat it and to improve the containment. This method is generally used in high temperature plasma devices. J. R. ROTH [1∼3] used this heating method to increase the ion temperature to several thousand eV in the NASA Lewis Bumpy Torus facility. It was also investigated in low temperature plasma in recent years. Deli TANG [4] studied the effect of an assistant anode on planar inductively coupled magnetized argon plasma and found that the density of the plasma could be further increased by the application of a voltage to the assistant anode. However, little attention was devoted to the use of this method to heat ions in the ECR plasma. It is well known that higher ion temperatures contributed to the transfer of energy parallel to the magnetic field to that perpendicular to the magnetic field when a gradient magnetic field is used to adjust the ion motion in the ECR plasma. From that, a cyclotron ion beam with anisotropic character was obtained and used to polish CVD diamond films [5] . In this study, an anode ring was set into the ECR plasma device, and it produced a radial electric field whose direction was perpendicular to the magnetic field when a positive voltage was applied to the ring. The electric field and magnetic field together constituted the magnetoelectric heating of the ECR plasma. The effects of the anode ring's radius, axial position and working pressure on magnetoelectric heating were analyzed. The ion sensitive probe (ISP)
[6∼8] was used to measure the ion parameters before and after magnetoelectric heating respectively. In the previous report [9] , the measurement of ion parameters by ISP had been made and the influence of the pressure and microwave power on the ion parameters had been analyzed. It showed that the ion parameters measured by the ion sensitive probe were believable and valid.
Experimental apparatus
The schematic diagram of the experimental device is shown in Fig. 1 . The cylindrical vacuum chamber was made of stainless steel with an inner diameter of 10 cm and a length of 61 cm. The 2.45 GHz microwave with the TM01 mode was injected into the chamber through the rectangular waveguide and quartz window. The magnetic field system assembly consisted of four coils. Various types of magnetic field configuration could be formed by adjusting the external coils' current. The magnetic field strength was detected by a Gaussmeter (LakeShore 410) and the main configuration of the magnetic field in the experiment is shown in Fig. 2 . The section of the anode ring was a rectangle of 0.3 cm×0.2 cm. There were five quartz windows which could locate the anode ring and the ion sensitive probe (ISP). A mechanical pump and a turbo molecular pump (400 L/s) were connected to evacuate the chamber. After evacuating it to a base pressure (less than 5×10 −3 Pa), O 2 gas was introduced into the chamber. The flow of gas was controlled by a mass flow controller. . 3 shows the electric circuit of the heating system and the data acquisition system for the ISP measurement in the ECR plasma device. The DC power (1000 V max voltage output, 2000 W max output power) provided the anode voltage for the electrode ring. The probe voltage (Sawtooth wave, −100 to +100 V, 5 Hz) was applied from the bipolar power supply to both the electrodes of the ISP. The reference potential for the circuit was the ground potential. A resistance (R P ) was selected for detecting the probe current. These voltage signals across the resistors were fed to the digitizer via an isolation amplifier. Under the anode voltage of 500 V and anode ring radii of r ring =1 cm, 2 cm, 3 cm and 4 cm respectively, the radial distribution of ion temperatures are shown in Fig. 4 . Here the ISP is located 17 cm downstream from the quartz window and the collector of ISP is at the axis of the plasma column. The incident microwave power is 800 W and the flow rate of O 2 gas is 3.0 sccm. The working pressure is 0.02 Pa. The error bar shows the range between the minimum and maximum value of the measured temperature. From Fig. 4 it can be observed that the ion temperature near the anode ring is higher than those at other radial points after using different radii of the anode ring to heat ions. For instance, when the anode ring of r ring =1 cm is used to heat ions, the ion temperature near R = 1 cm is higher than those at other radial points. Interestingly, the ion temperatures tend to increase with the radius of the anode ring, especially near the anode ring. However, when the radius of the anode ring reaches 4 cm, the heating effect at the axis of the plasma is weakened. Meanwhile, using the anode ring of r ring =3 cm to heat plasma is not only beneficial for increasing the ion temperature near the anode ring, but also contributes to the integral heating of ions. In order to find the reason for this, the process of magnetoelectric heating in this discharge is analyzed. According to the theory of magnetoelectric heating, ions are heated by E × B drift in crossed electric and magnetic fields which exist in the node sheath between the anode ring and the plasma. The thickness of the anode sheath is proportional to the ion Debye length [10] but is much smaller than the ion gyro-diameter in this discharge. In consequence, only a part of the ion orbits can be expected to be in the sheath. So the total plasma heating is accomplished by the magnetoelectric heating of ions in the sheath of the anode ring and the radial transport of those heated ions. Considering that the ions near the anode ring are closer to the anode sheath, the ion temperature near the anode ring can be higher than at other radial points. Meanwhile, when the radius of the anode ring increases, the effective area of the anode sheath is increased and then more ions can arrive in the anode sheath to be heated. Therefore, ions near the anode ring have a higher temperature when r ring =4 cm. But with the radius of the anode ring increasing, the distance that the ions transports to the axis increases. It is known that the movement distance of ions in the process of radical transport mainly depends on ion cyclotron radius. When the radius of the anode ring is larger than the ion's cyclotron diameter which is calculated as about 3.2 cm in the experiment, the heated ions at the anode sheath are difficult to reach the axis of the plasma column directly. Hence, when r ring =4 cm, the heating effect at the axis of the plasma column is obviously weakened and the anode ring of r ring =3 cm is beneficial to the integral heating of ions. Therefore, a suitable radius of the anode ring can improve the temperature of ions effectively and the optimal size of the ring depends on the cyclotron radius of ions.
The effects of the radius of the anode ring on the ion density and plasma transport after heating are also investigated in this work. The densities of ions are measured at five points along the radial direction. Fig. 5 shows the radial distribution of the ion density with different radii of the anode ring. From this figure, it is observed that the ion density increases with the radius of the anode ring at each radial point after heating. Also, it is helpful for the radial uniformity of the ion density to increase the radius of the anode ring. There are two reasons for explaining these phenomena. Firstly, the ion temperature tends to increase with the radius of the anode ring. Meanwhile, the temperature of electrons also increases with the radius of the anode ring after heating, which leads to an increase in the ionization of electron-neutral particles, so the ion density increases with the radius of the anode ring. Secondly, when the anode voltage is supplied, the anode potentials give rise to a strong electric field pointing radially inward in the anode sheath and radially outward in regions outside the anode sheath. When the anode ring of r ring =4 cm is used to heat ions, the electric field pointing radially inward can effectively restrict the movement of ions and reduce the loss of ions by collision with the wall of the chamber. Therefore, the radial uniformity of the ion density is enhanced. Fig.5 The radial distribution of ion density with different radii of anode rings
The effect of axial position of the anode ring on magnetoelectric heating
In order to find a suitable axial position to heat plasma, the anode ring (r ring =3 cm) is set at the upstream (Z = 15.3 cm), central (Z = 17.0 cm) and downstream (Z = 19.8 cm) position of the magnetic mirror field respectively. The radial distributions of the ion temperature at these axial positions after heating are shown in Fig. 6 . During these measurements, the incident microwave power is 800 W and pressure is 0.02 Pa. The flow rate of O 2 gas is 3.0 sccm. The ISP is located at a quartz window behind the anode ring. From Fig. 6 it is found that the ion temperature at each of the radial points increases when the axial position of the anode ring is changed from 15.3 cm to 17 cm. For instance, it increases from 21.05 eV to 25.73 eV at R = 0 cm and from 32.15 eV to 35.48 eV at R = 3 cm. Then, the temperature of the ion decreases when the axial position is further increased from 17 cm to 19.8 cm. These results indicate that it is a suitable position to heat ions when the anode ring is set at the center of the magnetic mirror field.
In a divergence magnetic field, it has been advantageous to improve the efficiency of magnetoelectric heating when the anode ring is set at a position where the electrons are gyro-resonant with the microwave frequency [11] . But in a magnetic mirror field it does not seems like that. The effect of the axial position on magnetoelectric heating in the magnetic mirror field can be mainly explained as follows: firstly, the strength of the magnetic field can change with the axial position of the anode ring. When the anode ring is set at Z = 17 cm where there is a weaker magnetic field strength compared with other axial positions in the magnetic mirror field, there is a larger cyclotron radius of ions. This is helpful for the radial transport of ions after heating in the anode sheath. Meanwhile, according to a relation-ship developed by ROTH [2] ,
where v di is the ion kinetic temperature, V H is the applied anode voltage, n i is the ion density in the sheath and B is the magnetic field; the ion kinetic temperature can increase with the decrease in the magnetic field strength. Fig.6 The radial distribution of ion density at different axial positions Fig.7 The radial distribution of ion temperature at different axial positions Also, from expression (1) it is known that the density of ions is a factor affecting the ion kinetic temperature. The radial distribution of the ion density at these axial positions is shown in Fig. 7 . From this figure it can be seen that the density of ions is the biggest when the axial position is 17.0 cm. Meanwhile, the density of ions has a better radial uniformity at Z = 17.0 cm. The reason for this is that the magnetic mirror affects a lot of ions with low energy. These ions are mainly concentrated in an area with a weaker magnetic field (Z = 17.0 cm). The anode ring is set at Z = 17.0 cm and can produce a radial electric field when an anode voltage is put on it. Not only can it restrain the movement of ions with low energy and reduces the loss of ion collision with the chamber, but it can also heat these ions in the anode sheath. Therefore, it is very advantageous to enhance the temperature of ions when the anode ring is set at an axial position where the strength is weaker in the magnetic mirror field.
The effect of pressure on magnetoelectric heating
The effect of the working pressure on magnetoelectric heating is investigated in the ECR plasma. As shown in Fig. 8 , the ions are heated at 0.02 Pa, 0.05 Pa, 0.1 Pa, 0.2 Pa, 0.5 Pa and 0.8 Pa respectively. Here the incident microwave power is 800 W and the flow rate of O 2 gas is 3.0 sccm. The ISP is located 17 cm downstream from the quartz window and the collector of ISP is at the axis of the plasma column. Fig.8 The ion temperature at different pressures before and after heating According to this figure, the temperature of ions after heating decreases as the pressure increases from 0.02 Pa to 0.8 Pa. These results indicate that low pressure contributes to an increase in the temperature of the ions. The magnetoelectric heating is also operated when the pressure is lower than 0.02 Pa. But the plasma fluctuates when the anode voltage is put on the anode ring.
The effect of the pressure on magnetoelectric heating can be mainly attributed to these factors. The cyclotron frequency of ions is calculated (about 8.6×10
4 Hz) and compared with the frequency of ionneutral collision at these pressures. It is found that the cyclotron frequency of ions is smaller than the frequency of ion-neutral collision. The collision between ions and neutral particles can lead to the deviation of ions from E × B drift motion and bring down the temperature of the ions. It is known that the frequency of ion-neutral collision can increase as the pressure is increasing. Therefore, the temperature of ions decreases with an increase in the working pressure.
Conclusion
In this study, magnetoelectric heating was investigated in an ECR plasma device with a magnetic mirror field. The work was mainly focused on exploring the effects of the anode ring's radius, axial position and working pressure on magnetoelectric heating. It was found that the temperature of ions near the anode ring was higher than those at other radial points after using different radii of the anode rings to heat ions. A suitable radius of the anode ring could improve the temperature of ions effectively and the optimal size of the anode ring depended on the cyclotron radius of the ions. The radial uniformity of the ion density was improved by the application of magnetoelectic heating. It was very advantageous to enhance the ion temperature when the anode ring was set at an axial position where the strength was weaker in the magnetic mirror field. In addition, a low working pressure contributed to the increase in the ion heating temperature and heating efficiency.
